Pinocytic activity was quantified for rat yolk sacs incubated in a medium that was either serum-free or contained 10% (v/v) of calf serum. Absence of serum from the medium caused a small increase in the rate of pinosome formation, as determined by the rates of capture of both 251I-labelled poly(vinylpyrrolidone) and [14C]sucrose. In contrast, the rates of uptake of substrates ingested by adsorptive pinocytosis were greatly enhanced when serum proteins, which compete for the same binding sites on the plasma membrane as used by adsorbing substrates, were absent. Elimination of such competition greatly simplifies the quantitative analysis ofthe binding process, and permitted a detailed study of the binding to the plasma membrane of formaldehyde-denatured bovine serum albumin, a protein that is rapidly digested within the lysosomal system after its pinocytic capture.
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Pinocytic activity was quantified for rat yolk sacs incubated in a medium that was either serum-free or contained 10% (v/v) of calf serum. Absence of serum from the medium caused a small increase in the rate of pinosome formation, as determined by the rates of capture of both 251I-labelled poly(vinylpyrrolidone) and [14C] sucrose. In contrast, the rates of uptake of substrates ingested by adsorptive pinocytosis were greatly enhanced when serum proteins, which compete for the same binding sites on the plasma membrane as used by adsorbing substrates, were absent. Elimination of such competition greatly simplifies the quantitative analysis ofthe binding process, and permitted a detailed study of the binding to the plasma membrane of formaldehyde-denatured bovine serum albumin, a protein that is rapidly digested within the lysosomal system after its pinocytic capture.
Binding obeyed Michaelis-Menten kinetics and showed a dissociation constant of approx. 1 AM, indicating the high affinity of this protein for binding sites on the surface of actively pinocytosing yolk-sac cells.
The addition of between 10 and 50% (v/v) of mammalian serum to a chemically defined culture medium usually favours the survival and multiplication of mammalian cells in vitro, but the identity of the active components of the serum and their precise effects on cells remain unclear (Temin et al., 1972) . However, a number of published studies indicate that the endocytic activity of mouse peritoneal macrophages, as determined either by morphometric methods (Cohn & Parks, 1967) or by the rate of accumulation of colloidal [198Au] gold (Davies et al., 1973) , is markedly enhanced on increasing the amount ofnewborn-calf serum in the culture medium. It is not known whether such modulation of endocytic activity by components of serum is peculiar to macrophages from this source, or is a more general property of endocytic mammalian cells, since few systems in vitro are as reproducible and as well documented as the mouse peritoneal macrophage system (Williams, 1979) . Williams et al. (1975a) , however, described a method of culturing rat visceral yolk sac, in medium 199 containing 10% (v/v) of heat-inactivated calf serum. By using this method, the rates of capture of radiolabelled substrates which are not hydrolysed by lysosomal enzymes, and hence accumulate within the lysosomal system after pinocytic uptake, have been measured (Williams et al:, 1975a; Roberts et al., 1977) . A method of analysis was also described (Williams etal., 1975b) that permits the determination Vol. 178 of the rate of capture of '25I-labelled bovine serum albumin even though this protein is hydrolysed rapidly within yolk-sac lysosomes after pinocytic capture (Williams et al., 1971 (Williams et al., , 1975b Moore et al., 1977) . The high rate of ingestion of this protein preparation, compared with that of '25I-labelled poly(vinylpyrrolidone), was shown to arise from its adsorbing extensively to regions of the plasma membrane that invaginate to form the limiting membrane of pinocytic vesicles (Moore etal., 1977) .
Since, in all the above studies, the culture medium routinely contained 10 % (v/v) of calf serum, it was not known whether substantial changes in the serum content of the medium were capable of modifying the rate of pinosome formation, in a manner similar to that observed with peritoneal macrophages. Moreover, in the initial studies with 1251-labelled bovine serum albumin as substrate (Williams et al., 1975b) only a limited quantitative analysis of the observed plasma membrane adsorption phenomenon was possible, since the serum proteins, present in high concentrations compared with the tracer protein, were all at least potentially capable of competing for binding sites on the surface of the yolk-sac cells. This confused the interpretation of the dependence of the rate of capture of this protein on its concentration in the medium and indicated that it was desirable to simplify the system by removing the serum. The rates of capture of a number of substrates, including formaldehyde-denatured I'2l-labelled albumin, were therefore determined, by using rat yolk sacs incubated in medium 199 alone, and the associated kinetics analysed.
Materials and Methods
Non-radiolabelled poly(vinylpyrrolidone) (PVP-40; mean mol.wt. 40000) was purchased from Sigma (London) Chemical Co. (London S.W.6, U.K.). The details of other materials are given in Williams et al. (1975a) , Moore et al. (1977) or Roberts et al. (1977) .
Preparation of formaldehyde-denatured iodinated bovine serum albumin
The method of Moore et al. (1977) was used to prepare batches of both 125I-labelled bovine serum albumin and (non-radioactive) [127I]iodinated bovine serum albumin iodinated to the same extent as the radiolabelled analogue. The maximum working concentration of the latter was 2mg/ml, since higher concentrations resulted in precipitation during the dialysis procedure. Solutions of these preparations were stored at -20°C.
Incubation ofrat yolk sac with radiolabelled substrates
In experiments using medium containing 10 % (v/v) serum, yolk sacs were incubated for a maximum period of 6.5h. However, preliminary experiments in serum-free medium 199 showed that uptake was poorly reproducible beyond 5 h; hence all such incubations were routinely terminated by this time.
The rates of uptake of 125I-labelled poly(vinylpyrrolidone) and colloidal ['98Au ]gold were determined by the method described by Williams et al. (1975a) and that of ['4C] sucrose by the method of Roberts et al. (1977) . The rate of uptake of formaldehyde-denatured 125I-labelled bovine serum albumin was determined by the method of Williams et al. (1975b) , modified as described by Moore et al. (1977) Roberts et al. (1977) . This quantity was calculated from the expression:
MxP where Y is the radioactivity contained in the yolk sac (c.p.m.), P is the amount of protein (mg) in an individual yolk sac and M the mean amount of substrate radioactivity in I.Oml of medium during the incubation period (c.p.m.). M is equal to T+I(Y/10), where T is the substrate radioactivity (c.p.m./ml of medium) as measured at the end of the incubation period and the term {(Y/10) represents one-half of the substrate radioactivity (c.p.m./ml of medium) captured by the yolk sac from each ml of medium (total volume 10.0ml) during the incubation period of the individual yolk sac.
All radioactivity counts are corrected for background, counting geometry and counting efficiency where appropriate.
Expression of the rate of ingestion of '251-labelled proteins by yolk sacs
The following expression was used to calculate the amount of 1251-labelled protein captured over the period of time for which an individual yolk sac was incubated:
M'xP where the numerator is equal to the sum of Y, the substrate radioactivity associated with the yolk sac (c.p.m.), and the total quantity of substrate radioactivity that has been rendered trichloroacetic acidsoluble by the tissue during the incubation period (c.p.m.). The latter is equal to 10AS, where AS is the difference (c.p.m./ml of medium) between the amount of trichloroacetic acid-soluble radioactivity in the medium (total volume IO.Oml) at the end of the incubation period and that in 1.Oml of the control medium that has been incubated in the absence of tissue for the same period of time.
M' is the mean amount of trichloroacetic acidinsoluble radioactivity (c.p.m./ml of medium) present during the individual incubation period of the tissue, and, assuming a constant rate of substrate depletion, is given by: *V +~(y(\10 The ordinate axis shows the volume of culture medium whose contained radiolabelled substrate has been accumulated within a given time-interval; values are normalized on the basis of the protein content of each yolk sac.
Vol. 178 Table 1 . Effects ofremoving calfserum from the incubation mediuim on the rates ofpinocytosis ofnon-digestible radiolabelled substrates Each value of the Endocytic Index was obtained from a separate experiment in which yolk sacs (6-11) from a 17.5-daypregnant rat were incubated in the presence of one of the radioactively labelled substrates at the tracer concentration indicated. For incubations in the presence of calf serum a maximum incubation period of 6.5 h was used; in the absence of calf serum the maximum incubation period was decreased to 5.0h, since uptake was noticeably less reproducible beyond this time. Uptake (calculated as described in the text) was plotted against time; the Endocytic Index is equal to the gradient of the regression line through these 6-11 points. Values are expressed as means ± S.D. for the numbers of experiments given in parentheses. Time (h) Fig. 2 . Accumulation ofradioactivity by yolk-sac tissue and appearance of trichloroacetic acid-soluble radioactivity in the serum-free medium on incubating yolk sacs in the presence of tracer quantities offormaldehyde-treated 125IJ labelled bovine serum albumin Points at each time-interval correspond to data derived from single yolk sacs incubated separately for up to 5.0h. The ordinate shows the volume of culture medium whose contained trichloroacetic acidinsoluble radioactivity is found associated with the tissue in either trichloroacetic acid-soluble or -insoluble form (e), or is found in the incubation medium as trichloroacetic acid-soluble radioactivity (o). These two quantities are summed for each yolk sac to give the total volume of culture medium whose contained 1251-labelled albumin has been ingested by the tissue (U). activity ingested from each ml of medium, in the same time.
The associated calculations were performed with the aid of an ICL 4130 computer.
Measurement of the rate of exocytosis of "251-labelled poly(vinylpyrrolidone) from yolk sacs
The method described by Williams et al. (1975a) was used.
Results
In agreement with the findings of Roberts et al. (1977) , '251-labelled poly(vinylpyrrolidone), [U-14C]-sucrose and colloidal ['98Au ]gold were all accumulated linearly with time when yolk sacs were incubated for up to 6.5h with these substrates in medium 199 containing 10% (v/v) of calf serum. This permitted the rates of uptake to be expressed in the form of Endocytic Indices as defined by Williams et al. (1975a) . Similar experiments, using these same substrates and serum-free medium 199, resulted in linear uptake up to 5.Oh (Figs. la and lb), but the Endocytic Indices were significantly less reproducible even for data gathered within this shorter incubation period (see Table 1 ). The Endocytic Index of both '25I-labelled poly(vinylpyrrolidone) and [U-14C]-sucrose rose slightly, but that of colloidal ['98Au]gold showed a 12-fold increase on removal of serum from the medium (Table 1 ). The rate of release of 1251_ labelled poly(vinylpyrrolidone) from yolk sacs reincubated in medium 199 alone was approx. 1 %/h, almost identical with the value obtained by Williams et al. (1975a) from tissues re-incubated in 10% calf serum.
In experiments in which yolk sacs were incubated in serum-free medium 199, containing both 1251_ labelled poly(vinylpyrrolidone) (2,ug/ml) and differing concentrations of unlabelled poly(vinylpyrrolidone) of a similar molecular weight to the radiolabelled 1979 where T' is the acid-insoluble radioactivity (c.p.m./ml of medium) measured at the end of the yolk-sac incubation period, and the second term represents one-half of the amount of acid-insoluble radio- (1977) in similar experiments. On removal of calf serum from the incubation medium, uptake was again observed to be linear with time (Fig. 2) (Table 3 ).
Discussion
The highly reproducible pinocytic activity of yolk sacs incubated in medium 199 containing 10% (v/v) of heat-inactivated calf serum is now well established (Williams et al., 1975a,b; Roberts et al., 1976 Roberts et al., , 1977 Moore et al., 1977) . The results of the current study show pinocytic activity to be maintained in the absence of serum; the amount of 125I-labelled poly-(vinylpyrrolidone) accumulated within the tissue rose linearly with time, but the rate of accumulation was less reproducible, even when the maximum incubation period was limited to 5.0h, than that from equivalent experiments in medium containing calf serum (10%, v/v) . The observation that addition of unlabelled poly(vinylpyrrolidone) to serum-free medium restored the degree of reproducibility to a value similar to that for a serum-containing medium is remarkably similar to the finding of Becker & Ashwood-Smith (1973) 1251-labelled poly(vinylpyrrolidone) respectively. These results imply either that the rate of pinosome formation is increased by up to 45 % when serum is removed from the medium, or that pinosome formation continues at the same rate but some component of the calf serum binds strongly to the plasma membrane and displaces these low-affinity substrates from binding sites that can be occupied when serum is absent. This second explanation was rendered highly unlikely by the observed failure of increasing concentrations of non-radioactive poly-(vinylpyrrolidone) to decrease the Endocytic Index of the radiolabelled form of the substrate in substrate-free medium. Thus, in agreement with the proposals of Roberts et al. (1977) , we conclude that 1251-labelled poly(vinylpyrrolidone) is internalized entirely in the fluid phase. Furthermore, we conclude that the rate ofpinosome formation is increased by up to 45 % on removing calf serum from the medium. {The smaller increase in the Endocytic Index of [U-14C]sucrose on removing serum from the medium may be a consequence of an increase in the rate of leakage of sucrose from the tissue after pinocytic capture in serum-free medium 199, since Roberts et al. (1977) observed that, even in the presence of serum, [U-14C] (Davies et al., 1973) . These authors observed a 60% fall in the rate of capture of colloidal ['98Au ]gold on decreasing the calf serum concentration in the medium 199 from 10 to 1 % (v/v) and a stimulation of uptake (up to 30%) on progressively raising the serum concentration from 10 % to 50 % (v/v). Becker & AshwoodSmith (1973) , however, observed less than a 10% fall in the rate of capture of [3H]sucrose by hamster fibroblasts when foetal-calf serum (10%, v/v) was removed from the medium. Thus removal of serum from the medium may not always have the same effect on pinocytosis as reported by Davies et al. (1973) . The same conclusion was reached by Brunk et al. (1977) , who observed that removal of calf serum (10%, v/v) from the culture medium greatly decreased the membrane-ruffling activity in human glia cells, but had a much smaller effect on this activity in malignant glioma cells.
In contrast with 125I-labelled poly(vinylpyrrolidone) and [U-14C]sucrose, both colloidal [198Au]-gold and formaldehyde-denatured 125I-labelled bovine serum albumin showed greatly increased rates of uptake by yolk sacs on removal of serum from the medium (Tables 1 and 2 ). Moreover, in contrast with the results of the equivalent experiments with 1251-labelled poly(vinylpyrrolidone), the Endocytic Index of formaldehyde-denatured 125I-labelled bovine serum albumin was decreased progressively (by up to 75 %) on increasing the concentration of its non-radioactive analogue in the serum-free medium ( The results show the dissociation constant of the substrate-plasma-membrane complex to be approx. 1,uM, a value which indicates that the affinity of formaldehyde-denatured albumin for binding sites on the yolk-sac plasma membranes is higher than the affinities of the majority of mitochondrial enzymes for their substrates (Altman & Katz, 1976) . The affinity is, however, much lower than the affinities of lysosomal enzymes for adsorptive pinocytosis binding sites on human fibroblasts from patients with a congenital deficiency for a given lysosomal enzyme. Thus a-L-iduronidase (Sando & Neufeld, 1977) , N-acetyl-a-D-glucosaminidase (von Figura & Kresse, 1974) and fl-glucuronidase (Kaplan et al., 1977) showed dissociation constants of 3nM, 0.9nm and 6nM respectively, values that are similar to the concentration (0.58 nM) of 125I-labelled asialoorosomucoid that irreversibly saturates 50% of the binding sites on plasma membranes isolated from rat liver (Van Lenten & Ashwell, 1972) . Thus the affinity of a simple protein, formaldehyde-denatured 1251-labelled bovine serum albumin, for adsorptive pinocytosis sites on the plasma membrane of yolksac tissue is high, but not as great as the affinities of lysosomal enzymes (that carry a phosphohexosebased recognition region) for fibroblasts, or asialoglycoproteins (carrying a galactose-based recognition region) for liver parenchymal cells. These glycoproteins have affinities that are similar in magnitude to those of glucagon (4nM) and insulin (0.1 nM) for their receptor sites on target cells (Cuatrecasas, 1974) .
Important features of the method of investigation reported above are that correction for the rate of fluid-phase ingestion is made and hydrolysis of the protein, after its pinocytic capture, is treated quantitatively. In the studies of the clearance of lysosomal enzymes by human fibroblasts quoted above these effects are ignored, but probably do not introduce significant errors into the interpretation of the data, since the affinities of the lysosomal enzymes are so high that they almost certainly are ingested almost exclusively by way of adsorptive endocytosis, so that ignoring fluid-phase ingestion will introduce little error. Moreover, these lysosomal enzymes, unlike the majority of proteins, appear to be highly resistant to degradation, on passing into the lysosomal system after uptake, as judged by their half-lives within the tissue. However, the methods reported in the present paper should enable investigations of pinocytic rates to be extended with confidence to glycoproteins and proteins that are either less avidly ingested (hence fluid-phase pinocytosis cannot be ignored) or are rapidly digested on passing into the lysosomal system (so that major errors would arise if intracellular digestion was not treated quantitatively in a manner similar to that stated in the Materials and Methods section).
